Hydrolytic metabolism of pyrethroid insecticides in humans is one of the major catabolic pathways that clear these compounds from the body. Rodent models are often used to determine the disposition and clearance rates of these esterified compounds. In this study the distribution and activities of esterases that catalyze pyrethroid metabolism have been investigated in vitro using several human and rat tissues, including small intestine, liver and serum. The major esterase in human intestine is carboxylesterase 2 (hCE2). We found that the pyrethroid trans-permethrin is effectively hydrolyzed by a sample of pooled human intestinal microsomes (5 individuals), while deltamethrin and bioresmethrin are not. This result correlates well with the substrate specificity of recombinant hCE2 enzyme. In contrast, a sample of pooled rat intestinal microsomes (5 animals) hydrolyze trans-permethrin 4.5-fold slower than the sample of human intestinal microsomes. Furthermore, it is demonstrated that pooled samples of cytosol from human or rat liver are ∼ 2-fold less hydrolytically active (normalized per mg protein) than the corresponding microsomal fraction toward pyrethroid substrates; however, the cytosolic fractions do have significant amounts (∼ 40%) of the total esteratic activity. Moreover, a 6-fold interindividual variation in carboxylesterase 1 protein expression in human hepatic cytosols was observed. Human serum was shown to lack pyrethroid hydrolytic activity, but rat serum has hydrolytic activity that is attributed to a single CE isozyme. We purified the serum CE enzyme to homogeneity to determine its contribution to pyrethroid metabolism in the rat. Both trans-permethrin and bioresmethrin were effectively cleaved by this serum CE, but deltamethrin, esfenvalerate, alpha-cypermethrin and cis-permethrin were slowly hydrolyzed. Lastly, two model lipase enzymes were examined for their ability to hydrolyze pyrethroids. However, no hydrolysis products could be detected. Together, these results demonstrate that extrahepatic esterolytic metabolism of specific pyrethroids may be significant. Moreover, hepatic cytosolic and microsomal hydrolytic metabolism should each be considered during the development of pharmacokinetic models that predict the disposition of pyrethroids and other esterified compounds.
Introduction
Carboxylesterases (CEs) are members of the α,β-serine hydrolase multigene family (Cygler et al., 1993) . These enzymes catalyze the hydrolysis of esters, amides and thioesters and play an important role in endobiotic and xenobiotic metabolism (Satoh and Hosokawa, 1998) . The two predominant CE isozymes in humans, hCE1 and hCE2, are expressed at high levels in the liver. hCE1 and hCE2 share 48% amino acid sequence homology and thus are placed in two separate CE classes, CES1 and CES2, respectively. The large quantities of CEs found in liver likely compensate for the fact that they are rather inefficient enzymes (Testa and Mayer, 2003) . In addition to their abundant expression in liver, tissue-specific expression of human CE isozymes has been observed (Satoh et al., 2002) . For example, hCE2 is expressed at relatively high levels in the small intestine, while hCE1 is not expressed in this tissue (Schwer et al., 1997) . The selective expression of hCE2 in intestinal enterocytes may represent a defensive barrier that esterified xenobiotics need to breech before the organism is exposed following ingestion. Thus, xenobiotics that are metabolized by hCE2 in the small intestine may exhibit reduced bioavailability compared to compounds that are not metabolized by hCE2 (Imai, 2006) . This may significantly affect the disposition of certain esterified xenobiotics following oral doses.
The physiological role(s) of CEs is an area of active research. Recent data strongly suggests a role for CEs in lipid metabolism utilizing their esterolytic activities (Dolinsky et al., 2004; Zhao et al., 2005) . Many environmental toxicants, pharmaceuticals and illicit drugs are esterified compounds (reviewed in Potter and Wadkins, 2006) . Examples include pyrethroid insecticides, phthalate esters, chemotherapeutic prodrugs (e.g., irinotecan) and narcotics such as cocaine and heroin. These compounds are cleared (or bioactivated in the case of irinotecan) from the body in part by the action of the CEs. Pyrethroid insecticides are esterified toxicants of particular importance because of their extensive use in agriculture (Hodgson and Levi, 1996) and public health practices (Takken, 2002) . Pyrethroids will increasingly be used in agriculture as a result of the curtailed usage of organophosphate (OP) insecticides. As a result, human exposure to these compounds will likely increase in the future. The importance of esterases in the detoxification of pyrethroids has previously been demonstrated (Gaughan et al., 1980) . For instance, when the OP compounds profenofos, sulprofos, O-ethyl O-(4-nitrophenyl) phenyl-phosphorothioate or S,S,Stributyl phosphorothioate were administered to mice in vivo before dosing with the pyrethroid trans-permethrin, all four OP compounds strongly inhibited liver microsomal esterase activity and in turn increased the in vivo toxicity of the pyrethroid. This provides direct evidence for the importance of hydrolytic metabolism in pyrethroid detoxification.
Species differences exist in the expression of CEs. These differences can impact the extrapolation of animal studies to humans. Rats and mice, the two most widely used animal models in pharmacokinetic studies, express high levels of CEs in their plasma. In contrast, human plasma has no detectable CE enzyme (Li et al., 2005) . This difference may significantly affect the disposition of esterified xenobiotics and thus prevent the accurate prediction of the pharmacokinetic behavior of such compounds in humans. Another difference is the large number and complex distribution of CE isozymes present in the rodent liver, which contrasts to the less complex situation in human liver, where hCE1 and hCE2 are the two major isoforms expressed. The metabolism of pyrethroids by rodent and human hepatic microsomes, which possess high concentrations of CEs, has been investigated in depth (Soderlund and Casida, 1977; Choi et al., 2002; Anand et al., 2006; Godin et al., 2006; . However, other tissues in humans and rats, such as adipose tissue, contain lipases that may contribute to pyrethroid metabolism but have not been adequately studied. In addition, pancreatic lipases (also called carboxyl ester lipases, EC 3.1.1.3), secreted into the lumen of the small intestine to facilitate the hydrolysis of triacylglycerols and cholesteryl esters (Hui and Howles, 2002) , may also contribute to pyrethroid metabolism following oral exposures. The enzymatic activities of these digestive lipases are stimulated by bile salts, which are present in the intestinal lumen at high concentrations.
The first objective of this study was to investigate further the expression and hydrolytic activity of CEs present in the soluble hepatic fraction (i.e., cytosol) and in various other human and rat tissues that are likely important in the disposition and clearance of pyrethroid insecticides. We have focused on transpermethrin and bioresmethrin because they are prototypical type 1 pyrethroids and widely used in agriculture. We have made comparisons to some type 2 pyrethroids when appropriate; however, a more in depth study of deltamethrin and esfenvalerate will be forthcoming (Godin et al., personal communication) . The tissues investigated include human intestinal microsomes, rat intestinal microsomes and cytosol, human and rat hepatic microsomes and cytosol, and human and rat serum. An additional objective of this study was to determine the substrate specificity and kinetic properties of purified rat serum carboxylesterase. The final objective was to investigate the hypothesis that lipases, which are expressed at high levels in adipose tissue, can hydrolyze pyrethroids since these compounds are hydrophobic and likely to partition into adipose reservoirs. We also examined a model pancreatic lipase, which is secreted into the lumen of the gastrointestinal tract, because it will likely encounter pyrethroid esters following oral exposures.
Materials and methods

Chemicals
The pyrethroids shown in Fig. 1 were obtained from Chem Service (West Chester, PA). Type 1 pyrethroids included 1RS trans-permethrin (98% pure, 93% trans and 5% cis) , 1RS cis-permethrin (purity 99%) and 1R transresmethrin (bioresmethrin, 99% pure, 97% trans and 2% cis); type 2 pyrethroids, which contain a cyano functionality on the α carbon, included alpha-cypermethrin (99% pure, mixture of isomers), lambda-cyhalothrin (99% pure, mixture of isomers) and deltamethrin (99% pure). 1RS/1R and cis/ trans indicate the absolute stereochemistry at the C 1 and C 3 atoms of the cyclopropane ring, respectively; however, the designation 1RS is omitted for clarity in the text. The following authentic standards of pyrethroid metabolites were purchased from Sigma-Aldrich (St. Louis, MO): 3-phenoxybenzyl alcohol (3PBAlc), cis/trans-3-(2′,2′-dichlorovinyl)-2,2-dimethylcyclopropane carboxylic acid (a 1:1 mixture of cis and trans isomers) [also called cis/trans-dichlorochrysanthemic acid (Cl 2 CA)], 1R trans-chrysanthemic acid (CA) and 3-phenoxybenzaldehyde (3PBAld, purity). 3-(4-Methoxy)-phenoxybenzaldehyde, para-nitrophenyl acetate (pNPA), 4-methylumbelliferyl acetate (4-MUBA), 4-methylumbelliferyl stearate (4-MUBS) and 2-chloro-3,4-dimethoxybenzil (CDMB) were obtained and used without further purification from Sigma-Aldrich (St. Louis, MO). Para-nitrophenyl valerate (pNPV) was synthesized and kindly provided by Dr. Howard Chambers (Department of Entomology, Mississippi State University).
CE enzymes
The recombinant human CE proteins (hCE1 and hCE2) were expressed in baculovirus-infected Spodoptera frugiperda cells and purified (Morton and Potter, 2000) . Porcine pancreatic lipase and Pseudomonas lipase were purchased from Sigma-Aldrich (St. Louis, MO). Rat serum CE was purified to homogeneity using a modification of the method of Hashinotsume et al. (1978) and Sanghani et al. (2002) . Specifically, 10 ml of pooled rat serum (from 5 adult male Sprague-Dawley rats) was subjected to ammonium sulfate fractionation. The protein pellet from the 50-70% ammonium sulfate fraction was dissolved in 10 mM Tris-HCl (pH 7.4) (buffer A), applied to a DEAE-cellulose column equilibrated in buffer A and eluted with a linear gradient of 0 to 1 M NaCl in buffer A. Fractions were collected and analyzed for CE activity by subjecting them to native polyacrylamide gel electrophoresis (PAGE) using the Ornstein-Davis buffer system as previously described (Dean et al., 1995) . The gels were stained for esterase activity by incubating them in 100 mM potassium phosphate buffer (pH 6.5) containing 100 μM 4-MUBA. All subsequent fractions during purification were analyzed for esterase activity in this manner. Fractions containing the slowest migrating esterase activity were pooled, dialyzed into buffer A, applied to a column of QAE-cellulose equilibrated in buffer A and eluted with a linear gradient of NaCl from 0 to 1 M in buffer A. Fractions containing the esterase activity were pooled, dialyzed into buffer A containing 1 mM MgCl 2 , 1 mM MnCl 2 and 1 mM CaCl 2 and applied to a column of concanavalin A equilibrated in the same buffer. Glycosylated proteins were eluted from the column with buffer A containing 0.2 M NaCl and 0.5 M α-D-methyl-mannopyranoside. Fractions containing esterase activity were pooled, dialyzed into buffer A and concentrated. The resulting solution was subjected to preparative nondenaturing PAGE using a 4% stacking gel and a 10% resolving gel. The resulting fractions containing the slowest migrating esterase activity were pooled, dialyzed into buffer A and concentrated. The resulting solution was subjected to native gel electrophoresis. Silver staining demonstrated a single discrete band, which co-migrated with the esterolytic activity toward 4-methylumbelliferyl acetate. Electrophoresis of the isolated rat serum CE protein on SDS-PAGE gels and subsequent silver staining also demonstrate a discrete single band of approximately 70 kDa. Antiserum, previously shown to recognize only rat serum CE in whole serum, showed the identity of the protein to be rat serum CE. Moreover, MADLI-TOF analysis of a trypsin-digested sample of the purified protein confirmed its identity as rat serum CE. The purified rat serum CE was used in the subsequent enzymatic assays.
Antibodies
Polyclonal antibodies, which were raised against human CE1, rat hydrolase A and rat hydrolase B, were kindly provided by Dr. M. Hosokawa (Chiba University, Japan). The anti-hydrolase A antibody cross reacts with rat serum CE.
Tissue subcellular fractions and serum
Pooled human small intestinal microsomes (cat no. 452210, from 5 individuals) and pooled human liver microsomes (cat no. 452161, from 18 individuals) were purchased from BD Biosciences (Woburn, MA). Individual human intestinal microsomes and cytosol are currently not commercially available. Eleven individual human liver cytosolic samples and a pooled human liver cytosolic sample (cat no. 452861, from 20 individuals) were also obtained from BD Biosciences. Blood was collected from five adult male SpragueDawley rats (70-110 days old). The blood was allowed to stand for one hour to clot and subsequently centrifuged at 2000×g for 20 min to enable serum collection. Human serum obtained from a pool of adult male donors was purchased from Sigma-Aldrich (St. Louis, MO). Rat liver and small intestinal microsomes and cytosols were prepared as described previously Ross and Pegram, 2004) . Animals used as tissue donors were housed in an AALAC-approved facility prior to tissue and blood collection. All animal procedures were performed in accordance with the Mississippi State University guidelines for the ethical treatment of animals.
In-gel hydrolysis assays
Samples of human intestinal microsomes and human liver cytosols and microsomes were examined by native PAGE using 10% polyacrylamide minigels followed by an in-gel hydrolysis assay with the substrate 4-MUBA as described above (Dean et al., 1995) .
Pyrethroid hydrolysis reactions
Human and rat tissue microsomes and cytosols. Hydrolytic reactions catalyzed by the various tissue fractions were performed in a total volume of 250 μL . Variable amounts of pyrethroid substrate (5-100 μM) were pre-incubated in 50 mM Tris-HCl buffer (pH 7.4) for 5 min (37°C). Reactions were started by the addition of the subcellular fraction (final protein concentration, 0.5 mg/ml). After 15 or 30 min incubations, the reactions were quenched by the addition of an equal volume of ice-cold acetonitrile containing 10 μM of internal standard [3-(4-methoxy)-phenoxybenzaldehyde]. After centrifugation (5 min, 16100×g), the hydrolysis products were quantified by HPLC (see below). Previous reports from our lab (Ross et al., 2006; Godin et (Soderlund, 1992 (Soderlund, ). al., 2006 have examined the time course of pyrethroid metabolism by tissue subcellular fractions and pure CE enzymes. The incubation times that we have used in the current study (15 min and 30 min) are within the range where product formation is linear. Moreover, the substrate concentration of pyrethroid (50 μM) used in several enzymatic assays is high enough to saturate the CE enzyme but is below the solubility limit of pyrethroids in aqueous buffer. The non-enzymatic rates of the pyrethroid hydrolysis reactions are negligible. There is no detectable hydrolysis of these compounds at 37°C in buffer solutions during the 30-min incubation period.
Human and rat serum. Pyrethroid hydrolysis reactions with human or rat serum were conducted as follows. The pyrethroids (see Fig. 2 ) were preincubated in 200-225 μL of 50 mM Tris-HCl buffer (pH 7.4) for 5 min before adding 25 μL of pooled rat serum or 50 μL of pooled human serum to each sample. The final concentration of pyrethroid was 50 μM in each sample. The samples were incubated at 37°C for 30 min before quenching with an equal volume of cold acetonitrile. Following centrifugation, hydrolysis products were analyzed by HPLC. When variable pyrethroid concentrations were utilized in serum incubations, the range of concentrations was from 5-100 μM.
Pure rat serum carboxylesterase or lipases. Hydrolysis of pyrethroids by purified rat serum CE was performed in 100-μL reaction volumes. Varying amounts of pyrethroid (5-100 μM) were pre-incubated for 5 min in 50 mM Tris-HCl buffer (pH 7.4) at 37°C. The hydrolytic reactions were initiated by addition of the pure CE (2.5 μg protein per reaction) and allowed to proceed for 30 min at 37°C. The reactions were quenched by the addition of an equal volume of ice-cold acetonitrile containing the internal standard. The samples were centrifuged and an aliquot was analyzed by HPLC to quantify the hydrolysis products. Non-enzymatic controls were also performed and found to have negligible rates. CE reactions at each substrate concentration were performed in duplicate.
Lipase-catalyzed pyrethroid hydrolysis reactions were also performed in the same manner as the pure rat serum CE, except in certain cases deoxycholic or cholic acid was added to the incubation medium at a final concentration of 3 mM. The two lipases examined were porcine pancrease lipase and Pseudomonas lipase both purchased from Sigma-Aldrich (St. Louis, MO).
HPLC analysis. HPLC-UV analysis of pyrethroid hydrolytic products was performed on a Surveyor LC system (Thermo Electron, San Jose, CA) using a reversed-phase HPLC column (2.1 mm × 100 mm, C18, Thermo Electron, San Jose, CA) as previously described .
Spectrophotometric assay for esterase activity
The esterase activities of pure CEs and mammalian liver subcellular fractions were routinely assayed by measuring the production of p-nitrophenol liberated from pNPV at 405 nm on a spectrophotometer (Wheelock et al., 2003 ). An extinction coefficient of 13 cm − 1 mM − 1 (Morgan et al., 1994) was used to convert the slopes of each activity curve to specific enzyme activities. All enzymatic reaction rates were corrected for non-enzymatic hydrolysis rates.
Immunoblotting of human liver microsomes, liver cytosols, and intestinal microsomes
Human liver microsomes, liver cytosols and intestinal microsomes were subjected to SDS-PAGE using standard protocols. After electrophoresis, the proteins were transferred to polyvinyldifluoride membranes and probed with rabbit anti-human CE1 polyclonal antibody diluted 1:4000 (v/v) in Tris-buffered saline/5% milk. Immuno-complexes were localized with a horse radish peroxidase-conjugated goat anti-rabbit secondary antibody and the SuperSignal West Pico chemiluminescent substrate (Pierce, Rockford, IL). The chemiluminescent signal was captured using a digital camera (Alpha Innotech gel documentation system). Bands on the digital images were quantified using NIH Image J software (v.1.33u).
Human liver cytosolic esterases and sensitivity to OP inhibition
A representative individual human liver cytosolic sample (HG42) was diluted to 0.5 mg/ml protein in 50 mM Tris-HCl buffer (pH 7.4) and treated with chlorpyrifos oxon (CPO) at increasing concentrations (0-1000 nM) for 10 min at room temperature. Following CPO-treatment, the cytosolic proteins were mixed with native gel loading buffer (0.05% bromophenol blue, 40% glycerol) and immediately loaded on a native PAGE gel. Following electrophoresis, the gel was stained with 4-MUBA. Similar CPO treatments and native PAGE analysis were done on rat serum proteins.
Kinetic analysis and statistics
Non-linear regression of substrate concentration versus reaction velocity curves were analyzed using SigmaPlot v. 8.02 software by fitting experimental data to the Michaelis-Menten equation. Each substrate concentration in the kinetic experiments was evaluated in duplicate. The specific activity data obtained for intestinal microsomes, hepatic microsomes and cytosols, and serum using standard ester substrates and pyrethroids are reported as the mean (±SD) of three replicates.
Determination of protein concentration
Protein concentrations were determined using the BCA reagent according to the manufacturer's instructions (Pierce, Rockford, IL).
Results
Pyrethroid hydrolysis catalyzed by human and rat intestinal microsomes
A pool of human intestinal microsomes (n = 1) was found to effectively hydrolyze trans-permethrin (specific activity of 1.88 ± 0.55 nmol/min/mg protein); however, bioresmethrin and deltamethrin were not metabolized to any appreciable extent (see Figs. 2A and B) . trans-Permethrin was hydrolyzed nearly 20-fold faster than deltamethrin. These results are consistent with the substrate specificity of the hCE2 enzyme, which is the major CE isoform found in human small intestine. Pure hCE2 was previously shown to hydrolyze trans-permethrin efficiently, but it does not cleave bioresmethrin or deltamethrin to any appreciable extent Godin et al., 2006) . Furthermore, addition of the specific hCE2 inhibitor 2-chloro-3,4-dimethoxybenzil (Wadkins et al., 2005) significantly reduced the trans-permethrin-hydrolytic activity of human intestinal microsomes further demonstrating that hCE2 is the primary esterase in human intestine responsible for pyrethroid hydrolysis (data not shown). This result was also supported by in-gel hydrolysis data that demonstrated negligible hCE1 protein staining by 4-MUBA following electrophoresis of intestinal microsomal proteins on native PAGE gels (see Fig. 2B, inset) . In contrast, staining of the native gel demonstrated a substantial amount of hCE2 protein in the intestinal microsomes.
For pools of either rat intestinal microsomes (5 rats, 1 pool) or rat intestinal cytosol (5 rats, 1 pool) the rates of transpermethrin hydrolysis were comparable, with microsomes and cytosol exhibiting specific activities of 0.42 ± (0.07) and 0.29 ± (0.02) nmol/min/mg protein, respectively. However, the pool of human intestinal microsomes (5 individuals) was ∼4-to 5-fold more active than was the pool of rat intestinal microsomes (Figs. 2B and C). Hydrolysis of deltamethrin was not detected following incubation with either rat intestinal microsomes or cytosol (Fig. 2C) . Rat intestinal microsomes and cytosol appear to possess at least one CES2-like esterase based on similar migration properties to hCE2 in native PAGE gels (Fig. 2C,  inset) .
Hydrolysis of pyrethroids by human and rat liver subcellular fractions
When human hepatic microsomes and cytosol were examined by native PAGE, hCE1 and hCE2 were clearly present in both fractions (see Fig. 3A ). It appears that native hCE1 protein in each tissue fraction migrates slightly faster than the pure recombinant protein, perhaps reflecting differences in glycosylation state. When both subcellular fractions were examined by western blotting, hCE1 protein was expressed at significantly higher levels in the pooled human liver microsomes than in pooled cytosol (see Fig. 3B ). (The immunoblot in Fig. 3B also demonstrated that hCE1 was not expressed in the intestinal microsomes, which is consistent with the data in Fig.  2 .) The greater hCE1 expression in hepatic microsomes compared to cytosol was reflected in the ability of each subcellular fraction to hydrolyze trans-permethrin; e.g., the specific activity for the pooled human liver microsomes was 3.4-fold higher than the pooled human liver cytosol (Fig. 3C ) and V max was > 2-fold higher for the microsomes compared to cytosol (Fig. 3D) .
Nonetheless, a substantial fraction of hCE1 protein in liver appears to be present in the cytosolic fraction. Thus, to address the role of soluble esterases in the hydrolysis of esterified compounds, the activities of ten individual human liver cytosolic samples were determined using pNPV and transpermethrin as ester substrates. Substantial variation in hydrolysis rates was observed for both substrates with interindividual rates varying as much as 10-fold (Fig. 4A) . It was also found that hydrolysis rates for the individual cytosols toward pNPV and trans-permethrin correlated reasonably well (r = 0.881), suggesting that both substrates were hydrolyzed by the same CE isoforms(s).
We next examined the level of hCE1 protein in each cytosolic sample by western blotting. In contrast to the nonvariable levels of hCE1 protein observed in eleven individual human liver microsomes , variable amounts of hCE1 protein expression were seen in the cytosolic samples (Fig. 4B) . Moreover, the specific activities of the cytosolic samples for pNPV, trans-permethrin and bioresmethrin appeared to correlate with the level of immunoreactive hCE1 protein present in each sample (r = 0.859, 0.785 and 0.877 for pNPV, trans-permethrin and bioresmethrin, respectively), which suggested that hCE1 was the primary esterase responsible for hydrolyzing these esters.
Electrophoretic separation of a representative human cytosolic sample on native PAGE gels and subsequent 4-MUBA staining allowed the distribution of esterases in cytosol to be determined (see Fig. 5 ). Both hCE1 and hCE2 were detected in the native gels. Furthermore, an esterase that migrates midway between the hCE1 and hCE2 bands was also observed. The identity of this esterase is likely Esterase D, which is also known as S-formyl glutathione hydrolase (Gonzalez et al., 2006) . A minor band designated as monomeric hCE1 was also observed to migrate just below the trimeric form of hCE1 (Fig. 5) . A similar monomeric band for hCE1 in native PAGE gels was observed by Imai (2006) . Moreover, hCE1 (both monomeric and trimeric forms) and hCE2 were found to be sensitive to the inhibitory effects of 1-μM chlorpyrifos oxon (CPO); in contrast, Esterase D was not inhibited by CPO (see Fig. 5 ). These results are consistent with the known OP sensitivity of hCE1 and hCE2 and the lack of sensitivity of Esterase D to OPmediated inhibition.
A comparison of hydrolytic kinetic parameters for rat and human hepatic microsomes and cytosol (this study) toward trans-permethrin is shown in Table 1 . The data demonstrate that the microsomal V max and K m values are very similar for each species. For cytosol, the human and rat V max values were also comparable, but the human K m value was much lower than the rat K m . The rat appears to be a reasonable model of human hepatic pyrethroid metabolism, at least for trans-permethrin, although the apparent K m in human liver cytosol is markedly lower than that for rat liver cytosol.
Serum carboxylesterases: whole serum and purified enzyme
We also investigated the kinetics of pyrethroid metabolism by rat serum in order to estimate the total amount of hydrolytic metabolism that occurs in blood relative to that of the liver. Of the six pyrethroid compounds we studied, bioresmethrin and trans-permethrin were hydrolyzed the fastest and esfenvalerate the slowest in rat serum (Fig. 6A ). When concentration-velocity studies were performed using rat serum, the type 1 pyrethroids bioresmethrin and trans- permethrin were hydrolyzed at comparable rates with apparent Michaelis-Menten kinetics (Fig. 6B) . In contrast, the type 2 pyrethroid deltamethrin was hydrolyzed more slowly and did Fig. 5 . Distribution and organophosphate-mediated inhibition of esterases in human liver cytosol. A representative human liver cytosol sample (individual HG42) was treated with increasing concentrations (0-1000 nM) of chlorpyrifos oxon (CPO) for 10 min before electrophoresis on a native PAGE gel and subsequent staining with 4-MUBA. The identities of hCE1 (mono) and Esterase D were aided by staining native gels with a mixture of α-and β-naphthylacetate since Esterase D is not stained by α-or β-naphthylacetate, but the monomeric and trimeric forms of hCE1 are (data not shown). a Rat microsomes and cytosol (pooled) were prepared from another study . Values (±SE) were obtained by non-linear regression of kinetic plots. The microsomal kinetic data are from Ross et al. (2006) . The cytosol kinetic data are from this study.
b CL int = V max / K m . c Pooled sample (n = 18 individuals). d Pooled sample (n = 20 individuals). not exhibit hyperbolic enzyme kinetics (Godin et al., personal communication) . For trans-permethrin (utilizing the specific activities measured at 50 μM), we estimated that serum possesses 4% of the total hydrolytic capacity in the rat. Liver weight and serum volume (per kg body weight) were estimated using allometric data (Lindstedt and Schaeffer, 2002) . In contrast, human serum was unable to hydrolyze either deltamethrin or trans-permethrin (data not shown). Not surprisingly purified human butyrylcholinesterase does not hydrolyze trans-permethrin or deltamethrin (Ross MK, unpublished data) . We next purified the OP-sensitive rat serum CE to homogeneity to further investigate the substrate specificity and kinetics of pyrethroid hydrolysis (Figs. 7A-C) . When the hydrolysis rates of the six pyrethroids by rat serum CE were examined at a single concentration of substrate (50 μM), a similar trend was observed as seen with whole serum (compare Fig. 7D with Fig. 6A ). Bioresmethrin and trans-permethrin were again hydrolyzed the fastest by the serum CE, as seen in whole serum, while the type 2 pyrethroids were hydrolyzed much less efficiently. Upon further kinetic study of transpermethrin and bioresmethrin hydrolysis by rat serum CE the following parameters were obtained, respectively: k cat = 1.30 and 1.65 min − 1 , K m = 23.6 and 16.2 μM, and k cat /K m = 55.1 and 102 min − 1 mM − 1 (see Fig. 7E ). Thus, rat serum CE is nearly twofold more efficient at hydrolyzing bioresmethrin than transpermethrin.
Lipases and pyrethroid hydrolysis
In an effort to characterize other hydrolytic enzymes that may metabolize pyrethroid compounds, we have also examined lipases. Specifically, we investigated the activity of a porcine pancreatic lipase with two different pyrethroids (bioresmethrin and trans-permethrin), both in the absence and presence of the bile acids deoxycholic acid or cholic acid. However, we did not detect any pyrethroid hydrolytic activity with this lipase when either substrate was used, which suggested that it does not metabolize pyrethroids (data not shown). We did find, however, that the pancreatic lipase could hydrolyze the water-soluble substrate 4-MUBA and the water-insoluble 4-MUBS (data not shown), demonstrating that the enzyme was active. Furthermore, we also used a commercially available Pseudomonas lipase to attempt to cleave trans-permethrin but again did not detect any hydrolytic activity (data not shown).
Discussion
Biotransformation of pyrethroid insecticides by CEs accounts for a significant fraction of the clearance of these compounds from the body (Godin et al., 2006; Nishi et al., 2006; Ross et al., 2006) . Further studies that examine the functional activities of intestinal, liver and serum CEs are important to understand better the systemic availability and disposition of pyrethroid insecticides in exposed mammals. Moreover, physiologically based pharmacokinetic (PBPK) models of pyrethroids may require inclusion of esterase activities that are present in the intestinal tract, liver and serum if it is shown that these compounds are appreciably hydrolyzed within these tissues. Such data will help to improve the accuracy of PBPK models and thus enable better predictions of tissue and blood concentrations following exposure to these insecticides.
To examine the distribution of CE isozymes in rat and human tissue preparations, we used native PAGE and in-gel hydrolysis of 4-MUBA, which stains esterases in tissue fractions. We used quantitative immunoblotting to determine hCE1 protein abundance in human hepatic cytosols. Furthermore, we used in vitro biochemical assays with standard esterified substrates and pyrethroid insecticides to study the activities of esterases in subcellular fractions and whole sera. We also measured the pyrethroid hydrolytic activity of three purified enzymes. These studies extend our previous work, which examined the roles of Fig. 6 . Hydrolysis of pyrethroids by whole rat serum. (A) Specific activity of a pool (n = 1) of rat serum following hydrolysis of six pyrethroids (esfen, esfenvalerate; α-cyper, alpha-cypermethrin; delta, deltamethrin; cis-per, cis-permethrin; trans-per, trans-permethrin; biores, bioresmethrin). Hydrolysis rates were determined at a single concentration of pyrethroid substrate (50 μM). Whole serum activity data were normalized to the volume (mL) of serum. Bars represent means and error bars represent SD (n = 3 replicates of the pooled serum sample). (B) Substrate concentration-velocity kinetic plots for trans-permethrin and bioresmethrin in whole serum. The kinetic parameters for trans-permethrin and bioresmethrin, respectively, are as follows: V max (nmol/min/mL serum): 4.2 (±0.5) and 3.4 (±0.5); K m (μM): 29.4 (±8.3) and 33.9 (±11.1).
human hepatic CEs in pyrethroid metabolism Godin et al., 2006) , and further characterize the role of CEs in pyrethroid clearance. Our results show that hCE2, which is abundant in human intestine, has a significant role in the metabolism and detoxication of trans-permethrin but has a more limited role in the metabolism of bioresmethrin and deltamethrin. The presence of hCE2 in the gastrointestinal tract may protect humans following oral exposures to permethrin, which is one of the most extensively used pyrethroid insecticides in agricultural practices (Wheelock et al., 2003) . However, since deltamethrin and bioresmethrin are not effectively hydrolyzed by the intestinal microsomes, the efficiency of pyrethroid metabolism in the intestines will obviously depend on the structure of the pyrethroid encountered in the gut. Compared to human intestinal hydrolysis rates for trans-permethrin, the rat intestinal microsomes exhibited 4.5-fold lower activity. For deltamethrin, little hydrolysis was detected using human intestinal microsomes, and no hydrolysis was detected using rat intestinal microsomes. Therefore, serum concentrations of trans-permethrin in humans following oral doses will likely be lower than in rats, while we would predict that serum concentrations of deltamethrin will be comparable for each species. Differences between rats and humans exist in the CE isozymes that are expressed in intestinal tissue. Rat small Fig. 7 . Purification of rat serum CE and pyrethroid hydrolysis. (A) Native PAGE gel of whole rat serum and purified rat serum CE following staining with 4-MUBA. (B) SDS-PAGE gel of purified rat serum CE protein stained with silver. The estimated MW of the pure protein is ∼ 70 kDa. (C) Native PAGE gel of untreated rat serum or CPO-treated (5 μM) rat serum after staining with 4-MUBA. The identity of albumin in the serum was aided by the migration behavior of pure albumin in native PAGE gels (data not shown) since it is known that albumin is stained by bromophenol blue present in gel loading buffers (Li et al., 2005) and because the 4-MUBA hydrolyzing activity of albumin is not inhibited by treatment with CPO. (D) Specific activity of pyrethroid hydrolysis by pure rat serum CE. Hydrolysis rates were determined at a single concentration of pyrethroid substrate (50 μM). (E) Substrate concentration-velocity plot for trans-permethrin and bioresmethrin hydrolysis catalyzed by pure serum CE.
intestine expresses a CES1 class isozyme (ES3) and two CES2 class isozymes (AY034877 and AB010632) based on Northern blots Imai, 2006) , while only hCE2 is expressed in the human small intestine. Our native gel data (Fig.  2C ) also suggests that multiple CES2-like isozymes are found in rat intestine. The substrate specificity of the individual rat intestinal CE isozymes toward pyrethroids is unknown. However, rat ES3 exhibits a high degree of sequence homology with hydrolase B, which does not hydrolyze trans-permethrin, bioresmethrin or deltamethrin very effectively Godin et al., 2006) . Therefore, ES3 is unlikely to contribute significantly to pyrethroid hydrolysis. While it is likely that intestinal metabolism of esterified compounds by CEs contributes to their clearance from the body, we estimate that intestinal hydrolysis accounts for just 2.5% of the total hydrolytic metabolism of trans-permethrin that occurs in the rat.
The highest content of CE protein in the body is found in the microsomal fraction of the liver. It is generally assumed that this subcellular fraction is responsible for most of the esterolytic metabolism in the whole animal. However, a relatively high proportion of CE protein and activity is also found in the hepatic cytosolic fraction (see Fig. 3 ). Indeed, we estimate that ∼40% of the esteratic metabolism of trans-permethrin in both human and rat liver is due to cytosolic esterases. Therefore, the hepatic cytosol should be considered in metabolism and kinetic studies of esters such as pyrethroids. Consistent with our findings, Hodgson and co-workers previously found that human liver cytosol possessed significant hydrolytic activity toward transpermethrin when studied by the parent compound depletion approach (Choi et al., 2002 (Choi et al., , 2004 . Thus our present findings, which utilized a product appearance kinetic approach to study permethrin hydrolysis, confirm this previous result. Rat liver cytosol also has a similar amount of esterase activity toward trans-permethrin as human liver cytosol (Table 1) , which is likely attributable to the presence of cytosolic CEs (Natarajan et al., 1996) . Therefore, toxicokinetic studies that examine esterified compounds should use whole tissue homogenates (or 'S9' fraction) when assessing overall esterase activity.
Another finding in our study was the variable levels of hCE1 protein in ten individual human liver cytosols (coefficient of variation, CV = 56%; Fig. 4 ). This is in marked contrast to the lack of variable hCE1 expression previously observed in eleven individual human microsomal samples (CV = 9%; Ross et al., 2006) . The reason for the variable hCE1 expression in cytosols within this small human population is unknown. The presence of hCE1 in cytosol is probably a result of the partial solubilization of proteins during liver hepatic microsomal preparation and thus represents an artifact of the separation method. However, two possible physiological scenarios could account for the presence of hCE1 in both cytosol and microsomes. Newly synthesized hCE1 protein possesses an N-terminal signal peptide that directs it into the endoplasmic reticulum lumen (Satoh and Hosokawa, 1998) , whereupon the 18-amino acid long signal peptide is clipped off. Perhaps the cytosolic pool of CEs is due in part to the presence of immature hCE1 protein that has not yet been trafficked into the ER and processed. Alternatively, a fraction of the hCE1 in the hepatocyte may reside in the cytoplasm directed there by some yet to be elucidated mechanism. The C-terminal sequence KDEL is responsible for the retention of CEs in the lumen of the endoplasmic reticulum through its interaction with the KDEL receptor (Robbi and Beaufay, 1991) . If hCE1 present in the cytosol lacks both the signal peptide and the C-terminal KDEL tetrapeptide, it would suggest the existence of a previously undescribed pool of hCE1 targeted to the cytoplasm. Future in situ localization studies could confirm the presence of hCE1 in the cytoplasm of hepatocytes. The lack of an adequate number of commercially available individually matched cytosolic and microsomal samples (i.e., derived from the same liver) precludes a definitive explanation here, although future studies will examine this issue.
Rat serum has esterase activity in the form of a serum CE, which actively hydrolyzes pyrethroids. While bioresmethrin and trans-permethrin were hydrolyzed in whole rat serum equally well, deltamethrin was hydrolyzed more slowly. To study pure serum CE-mediated hydrolysis of pyrethroids in more detail, we examined the kinetics of trans-permethrin hydrolysis (Fig. 7E) . The estimated K m value for rat serum CEcatalyzed hydrolysis of trans-permethrin was similar to that obtained when trans-permethrin was hydrolyzed by whole rat serum (Fig. 6B) . This suggested that a single enzyme in rat serum was catalyzing the hydrolysis of trans-permethrin, i.e., rat serum CE. The k cat value for trans-permethrin hydrolysis by the serum CE is 1.8-fold lower than that seen with hydrolase A , which is the most abundant CE isozyme expressed in rat liver (Morgan et al., 1994) . It is approximately the same, however, as the second most abundant rat hepatic isozyme, which is termed hydrolase B (Morgan et al., 1994) . However, the K m value for the serum CE was ∼2-to 4-fold higher than the K m for hydrolases A and B, suggesting a lower affinity of trans-permethrin for the serum CE compared to the liver CEs. Thus, based on the kinetic parameters for the pure liver CEs and the greater abundance of hydrolases A and B than serum CE, the hepatic CEs have a greater capacity to clear trans-permethrin than the serum CE. These results highlight a significant species difference between rats and humans with respect to pyrethroid metabolism in the blood because no detectable metabolism (hydrolysis) of pyrethroids occurs in human blood. The metabolism of pyrethroids in blood is likely important in rodents, but not in humans because of the lack of CEs in human blood.
Another goal of this study was to determine whether lipases, which are abundantly found in adipose tissue and the gastrointestinal tract (two locations where pyrethroid compounds are likely found), contribute to the hydrolytic clearance of the pyrethroids. Small, water-soluble esters are preferentially hydrolyzed by carboxylesterases, while large hydrophobic substrates are hydrolyzed by lipases. However, there is overlap in the substrate specificities of these two classes of hydrolytic enzymes (Gilham and Lehner, 2005) . Our limited results, using both a porcine pancreatic lipase and a bacterial lipase (from Pseudomonas), suggest that lipases will not significantly contribute to the metabolism of pyrethroids in vivo. Moreover, the carboxylesterases are likely the most important esterases that need to be considered in the formulation of models that examine the disposition and pharmacokinetics of pyrethroid insecticides.
In conclusion, human and rat intestinal microsomes effectively hydrolyze trans-permethrin, but not deltamethrin or bioresmethrin, which corresponds to the known substrate specificity of the major human intestinal esterase hCE2 and possibly the CES2-like esterase(s) in rat intestine. Similar results were found for rat intestinal cytosol. Human liver cytosols were shown to have lower levels of hCE1 protein and hydrolytic activity when compared to the hepatic microsomal fraction. However, the level of hCE1 in human liver cytosol is not insignificant. Moreover, significant interindividual variability in the abundance of hCE1 protein was observed in ten individual hepatic cytosols. Thus, the contribution of the hepatic cytosolic fraction to hydrolytic metabolism of pyrethroids and the variable amounts of hCE1 expressed in this subcellular fraction warrants consideration in toxicokinetic studies. Lastly, the pyrethroid substrate specificity of purified rat serum CE was shown to match very closely that of whole rat serum, which suggests this enzyme is the major esterase in rat serum that metabolizes pyrethroids. While the hepatic CEs undoubtedly contribute the bulk of pyrethroid hydrolysis, the serum CE in rats may contribute to an appreciable extent at low serum concentrations. This is a major difference between rats and humans when attempting to extrapolate animal studies of pyrethroid exposure because humans lack detectable CEs in their blood. For pyrethroids such as bioresmethrin and transpermethrin, which are rapidly hydrolyzed by serum CEs, the rat is probably a poor surrogate animal for human health risk assessment, especially at environmentally relevant low level exposures. Transgenic rodent models that do not express serum CEs (Morton et al., 2005) may represent a better model for predicting the pharmacokinetics of such compounds in humans.
